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Abstract 
The composition of the welding consumable for the SS 316 L(N) components of prototype fast breeder reactor is 
adjusted such that the weld deposit contains 3 to 7 % delta ferrite, to balance between resistance to hot cracking 
during welding, and embrittlement of the weld metal during service. The operating temperature range for these 
components is 623-823 K, which is the range for the so-called “748 K embrittlement”, noticed in cast duplex stainless 
steel. Therefore, a study was taken up to assess the degradation, if any, in the mechanical properties of this weld due 
to long term service exposure. Tensile, charpy-impact and fracture (J-R curves) toughness tests were done at ambient 
temperature, in the as-welded condition and after thermal ageing at 643, 748 and 823 K for durations in the range 
1000 to 20000 hours. A decrease in toughness, both charpy energy and J-R curves, was observed after ageing at 643, 
748 and 823 K, after long ageing times. The variations in properties are discussed in the light of microstructural 
changes in the delta ferrite phase observed using optical and TEM methods and the fractographic observations on the 
fracture tested specimens. 
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1. Introduction 
Austenitic stainless steels of type AISI 316 and its variants have been chosen for high temperature 
applications in nuclear power plants in view of their good high temperature mechanical properties, creep 
resistance and ease of fabrication. A low carbon version of this steel (C≤ 0.03 wt.% ) alloyed with 
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nitrogen (N - 0.06 to 0.08 wt.%), designated as SS 316L(N) is chosen for high temperature structural 
components of prototype fast breeder reactor (PFBR) under construction at Kalpakkam, India. The 
expected temperature range of normal operation of these components is 643-823 K.    
 
The weld microstructure of these steels is specified to contain about 3-7 Vol.% delta-ferrite in austenite 
matrix to prevent hot cracking during solidification [1]. Previous investigations [2-6] on the aging 
behavior of this class of welds have shown that brittle phases such as sigma (ı), laves (Ș) and/or chi (Ȥ) 
form as decomposition products of the delta ferrite on aging at 823-1073 K. The effect of aging leading to 
precipitation of different phases is also reported in cast duplex stainless steels [7-9] containing 10% or 
more ferrite. Aging of duplex SS [10] and welds containing ~10% ferrite [11]  at temperatures below 773 
K leads to formation of Cr-rich α′ phase either by spinodal decomposition or by nucleation and growth of 
phase depending on the composition of the steel  and  also, precipitation of Ni and Si rich G-phase, M23C6 
and/or growth of existing phases at ferrite/austenite boundaries.  W.J. Mills [12] has reviewed various 
factors affecting the fracture toughness of SS 304 and SS 316 welds. There have not been any studies on 
the effect low temperature ageing on the mechanical behaviour of austenitic welds with δ-ferrite contents 
in the range 5-6 FN, presumably due to the belief that it is insignificant below 10% ferrite content [13].  
 
A campaign was taken up to characterize the influence of ageing at 643, 748 and 823 K on the tensile 
and fracture properties of the SS 316(N) welds at room temperature. In addition to standard charpy impact 
testing, J-R curves for quasi-static loading conditions were established. The results are discussed in the 
light of microstructural (optical, TEM) and fractographic (SEM) investigations.  
 
2. Experimental 
 
Weld pads of approximate dimensions 500×400×30 mm, were prepared by shielded metal arc welding 
process using the consumable developed indigenously for PFBR applications. The chemical composition 
of the weld metal is given in Table 1. The weld is designated as SS 316(N) since the carbon content is 
about 0.05 mass %. The weld pads were subjected to radiography to ensure absence of any unacceptable 
welding defects. Specimen blanks were subjected to thermal ageing at 643, 748 and 823 K (designated A, 
B and C respectively) for 1000, 2000, 5000, 10000 and 20000 h (represented by suffixes 1 to 5).  
 
Table 1. Chemical (mass %) composition of SS 316 (N) weld 
 
 
Tensile tests were done on round specimens machined from the weld pads, having 28 mm gauge length 
and 4.0 mm diameter  as per ASTM E8 [14] standards, at a constant strain rate of the order of 3.1×10−4 
s−1. Compact tension (CT) specimens of 20 mm thickness were fabricated with the notch placed such that 
the crack plane lies in the weld and crack growth is along the welding direction, as per ASTM E 399-90 
[15] specifications. These were subjected to fatigue pre-cracking at room temperature to obtain a sharp 
fatigue crack ahead of the notch using a resonant fatigue machine. The crack length at the end of 
precracking (initial crack length a0 for the fracture test) was targeted between 25 and 27 mm 
C Si Mn Cr Ni Cu Co N Mo P S Nb V 
0.05 0.46 1.4 18.5 11.1 0.21 0.06 0.08 1.9 0.025 0.006 <0.07 0.075 
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corresponding to an ao/W in the range of ~ 0.50-0.54, where W = Width of the specimen. The pre-cracking 
was carried out in K (stress intensity factor) decreasing mode; as the crack propagated, ΔK (stress 
intensity factor range = Kmax −Kmin) was gradually reduced such that the crack was grown at loads (Pm) not 
exceeding as prescribed by ASTM E 1820 [16]. Then the test specimens were side-grooved to 20% net 
depth (2 mm deep groove on either surface along crack growth path with 45° flank angle and 0.25 mm 
root radius) to restrict crack growth to the symmetry plane and to minimize the thumbnail crack growth. J-
tests were carried out using monotonic ramping at a constant stroke rate of 0.01 mm/s  in a servo-
hydraulic machine, fully automated for test control and data acquisition. The load-line displacement 
(LLD) was monitored using high resolution COD gages. A suitably calibrated direct current potential drop 
(DCPD) device was used for online determination of crack length. High resolution load (P), LLD and 
crack length (a) data were recorded using the data acquisition software integrated with the test application. 
The tested specimens were held at about 673 K for about 30 minutes in order to heat-tint the fracture 
surfaces to identify the crack extension regime in the fracture test. The samples were then pulled to 
fracture at a higher pulling rate at room temperature. The initial and final crack lengths (ao and af) were 
optically determined using the nine-point average method prescribed in ASTM E1820. Also linear-
interpolation method (from DCPD readings) was used to calculate the intermediate crack lengths and it 
was observed that calculated crack lengths were comparable to that of measured values. The fracture 
surface was examined in scanning electron microscope (SEM) to understand fracture mechanisms. 
Standard Charpy V-notch specimens (10×10×55 mm3) were fabricated from weld pad in as-weld and aged 
conditions. Charpy specimens were impact tested at room temperature using a 358 J capacity impact 
machine at the maximum initial velocity of 5.12 ms-1.  
 
3. Results and Discussion 
The tensile properties are given in Fig.1a. A general decrease in yield strength (YS) values were observed 
for ageing durations of 5000 h for all the ageing temperatures, compared to as-weld condition. Beyond 
5000 h, YS values were nearly constant. However, the changes in UTS values with all the ageing 
conditions were not significant. This is in agreement with the results on the effect of ageing on tensile 
properties of this class of welds reported earlier [11,17, 18]. Variation of charpy V-energy with ageing is 
presented in Fig. 1b. Ageing at 748 K resulted in continuous decrease in impact energy up to 20000 h, 
compared to as-weld condition. For ageing at 643 K decrease in impact energy occurred up to 10000 h 
followed by increase at 20000 h. Ageing at 823 K resulted in a moderate decrease of charpy energy up to 
5000 h. 
 
The J values were computed following ASTM E 1820 using the procedure described in Section 
A2.4.2.2. For the initial crack blunting line slope, ASTM E1820 (Section A6) specifies a minimum of 
2=⋅Δ= faJM σ . A typical J-R curve is shown in Fig.2a for the as-weld condition. Values of J0.2 
determined as the intersection of blunting line offset by 0.2 mm with the J-R curves are presented in 
Fig.2b. The J0.2 value in as-weld condition was 207 kJ.mm-2. Ageing at 748 K resulted in increase of J0.2 
values up to 1000 h, beyond which decrease of J0.2 values were observed. Ageing at 823 K also showed 
increase in J0.2 up to 1000 h ageing, followed by decrease in J0.2 values. Ageing at 643 K resulted in 
increase of J0.2 values up to 1000 h, followed by decrease of J0.2 values up to 5000 h. Also, compared to 
as-weld condition, an overall decrease of J0.2 values were observed for all the ageing temperatures at 
20000 h. The optical microstructure in the as-weld condition consisted of austenite matrix dispersed with 
delta ferrite. No significant changes in microstructure could be observed at this magnification in all the 
ageing conditions. The fractographic examination of the specimens tested in quasi-static loading 
conditions revealed that the fracture surface features were dominated by ductile dimples indicating that in 
all conditions the fracture is controlled by void nucleation and growth. The fractograph presented in Fig.3 
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(a) is for the as-welded condition showing dimples of nearly uniform size. No significant differences in 
the morphology of dimples could be observed for ageing durations up to 10000 h. The fractograph of  
specimen tested after ageing at 748 K for 20000 h in B5 condition (Fig.3b) showed dimple sizes relatively 
smaller compared to those for as-welded condition, indicating a distribution of finer and/or more closely 
spaced sites for void nucleation. Also, some microcracks were observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. (a) Tensile properties of 316 (N) welds; (b) Comparison of charpy energy for SS 316 (N) weld subjected to 
ageing at 643 748 and 823 K 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. (a) J-R curve of 316 (N) welds; (b) J0.2 comparison of 316 (N) welds at different ageing conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Fractographs of J- tested 316 (N) weld; (b) subjected to ageing at 748 K for 20000 h 
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Vitek et al. [11] reported increase in ductile-brittle transition temperature (DBTT), drop charpy-impact 
energy in the upper shelf and fracture toughness(J1c)  of SS 308 welds after ageing at 748 K for durations 
up to 20000 h.  The average ferrite number [11] in the as-weld microstructure reported was ~ 11. They 
also observed that the changes in tensile properties with ageing were not significant. The decrease in 
toughness after aging was attributed to spinodal decomposition of ferrite into iron rich (Į) and chromium 
rich (Įƍ ) phases. Also the formation of silicon-rich G phase within ferrite and carbide (M23C6) along 
ferrite-austenite interfaces was observed. The decrease in toughness was explained [11] by the hardening 
of ferrite due to G-phase and Į- Įƍ formation resulting in non-homogeneous strain during testing. In the 
present investigation the formation of α′ by spinodal decomposition was observed after 1000 h ageing at 
748 K as shown in Fig. 4 (a). TEM analysis revealed regions of mottled contrast due to spinodal 
decomposition within ferrite. These mechanisms were also observed after 20000 h ageing at 748 K 
condition as shown in Fig. 4(b). Also, features indicating strain localisation is evident in the specimens in 
this study too (Fig.4c). 
 
 O’Donnel [19] reported the effects of long term ageing in both MMA and GTA welds of SS316 with 
5-7 Vol.% ferrite. They observed precipitation of various phases after ageing at 673-823 K for 50000 h. 
However, these potentially detrimental microstructural changes did not cause any significant reduction of 
fracture toughness. This was explained by the lower ferrite contents, due to which the intermetallics 
formed after ageing did not cause significant decrease in fracture toughness. The ferrite content in the 
present work was similar to that reported by O’Donnel [19].  These differences may be explained based 
on the combination of welding procedure and the resulting inclusion content, the delta-ferrite content and 
the microstructural changes after aging. GTA welds generally are cleaner with lower inclusion contents, 
whereas SMA welds which are used for higher productivity have higher inclusion content. The effect of 
aging on the decrease in toughness was not predominant in SMA welds, since it was the inclusion content 
that primarily controlled the toughness, and ageing is not expected to exert any influence. For clean welds, 
as in the case of GTA, ageing-induced microstructural changes are expected to influence the toughness. 
The fact that  there is no reduction in the fracture toughness (both J1c and tearing modulus) of SS 308 
GTA and SMA welds after ageing for 10000 h at 700 K [20] was attributed to sluggish kinetics of 
spinodal decomposition and G phase precipitation at 673-723 K, leading to lowered embrittlement rates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) TEM image of SS 316 (N) weld subjected to ageing at 748 K for 1000 h; (b-c) 20000 h 
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From the above comparisons, it may be inferred that in the present investigation ageing to 20000 h for 
all the ageing temperatures resulted a decrease in toughness (J0.2 ), despite lower specified ferrite contents 
in the as-weld microstructure. Further electron microscopic investigations to ascertain the effect of ageing 
on the microstructure (for all the ageing conditions) and their influence on fracture properties are being 
conducted.   
 
Conclusions 
 
• A general decrease in resistance to crack initiation (J0.2 ) of SS 316 (N) welds was observed on 
ageing at 643, 748 and 823 K for 20000 h. Decrease of charpy energy values subjected to ageing at 
748 K for 20000 h. Changes in tensile properties was marginal.  
• This decrease in mechanical properties, despite lower specified ferrite content in the weld 
microstructure, indicates the effect of embrittlement at 643-823 K can be significant after longer 
durations. 
• The embrittlement is due to the formation of new phases in δ ferrite regions. α-α′ spinodal 
decomposition is predominant at lower temperatures (643 and 748 K) causing strain inhomogeneities 
leading to reduction in toughness, while σ phase formation is important at 823 K.   
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